Abstract In this work, nano-alumina was utilized as a reinforcing agent for guar gum, with an aim to improve its performance properties; especially, mechanical and barrier i.e. water vapor transmission rate (WVTR). Films were prepared by the process of solution casting. Concentration of nano-alumina was varied as 0, 1, 3, 5 and 7 parts per hundred parts of resin (phr) in guar gum. The prepared pristine and guar gum/ alumina nano-composite films were characterized for mechanical, puncture, x-ray diffraction, barrier, rheological and morphological properties. Tensile strength, Young's modulus, puncture strength, viscosity and crystallinity increased; whereas, WVTR, elongation at break (%) and damping factor decreased with increased concentration of nano-alumina in guar gum. However, optimized improvement in the performance properties were determined for 5 phr nano-alumina loaded guar gum polymer matrix, attributed to its better dispersion and interaction into the guar gum polymer chains due to the hydrophilic nature of both the materials. Above 5 phr concentration nano-alumina started forming aggregates, as evident from scanning electron microscopy.
Introduction
Reinforcing agents, either organic or inorganic, have been used from a very long time to improve the performance properties of polymers (Lu et al. 2009 ). which are utilized in industrial applications, domestic tools, automobile manufacturing, and even in the aerospace industry. Yet, these are nonbiodegradable materials and the synthetic polymers used in them are produced from restricted, non-renewable resources (Tokiwa et al. 2009; Bismarck 2008) . They are also the cause for global warming, as the combustion of these materials releases carbon dioxide; which has become an important problem to be solved urgently (Dorgan et al. 2001) . Serious environmental problem is caused by the disposal of these petroleum based plastic products; which are used largely as fastfood utensils, packaging containers, and carrier bags.
Biopolymers, polymers obtained from biological resources, are now looked upon as potential alternatives for these petroleum based plastics (Thakur and Singha 2010; Petersson et al. 2007 ). Biopolymers are hence produced from renewable resources and are also biodegradable; consequently, they will not have any adverse effect on our environment as that caused by the petroleum based plastics (Hule and Pochan 2007) . Composites in which one or more phase is derived from biological origin are called as bio-composites (Lu et al. 2009 ). whereas, nano-composites are special composite materials wherein one of the phases has one, two or three of its dimensions less than 100 nm (Yeole et al. 2014) .
Guar gum is a non-ionic, hydrophilic polygalactomannan having galactose to mannose ratio of more or less 1:2. It has galactose units randomly distributed on the backbone of
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• Utilization of nano-alumina to improve the performance property of guar gum • Appreciable improvement in mechanical and barrier properties • Showed non-Newtonian shear-thinning and non-thixotropic flow behavior • 5 phr is the optimized concentration of nano-alumina to be added in guar gum • Possible application in food and pharmaceutical packaging polymannose. Guar gum is extracted from endosperm of Cyamopsis tetragonalobus, commercially grown in the Indian subcontinent, North Africa and South America (D'Mello et al. 2012) . Guar gum films are hydrophilic in nature demonstrating poor barrier and mechanical properties. Researchers have worked on improving the performance properties of biodegradable polymeric matrices such as soy protein (Lu et al. 2004) . starch Choi and Simonsen 2006; Lu et al. 2006) . poly(lactic acid) (Huang et al. 2006) . silk fibroin (Wongpanit et al. 2007) . and even poly(vinyl alcohol) (Zhang et al. 2007 ) by utilizing varied types of nano-sized reinforcing agents. However, no much related literature is available for guar gum .
Thus, present research deals with the utilization of nano-alumina as a potential reinforcing agent for guar gum to improve its performance properties. Guar gum/alumina nano-composite films were prepared by the process of solution casting. Prepared films were then characterized for mechanical, crystallinity, rheological, morphological and barrier properties. Performance properties of films are expected to improve by virtue of the hydrophilic nature of both guar gum and nano-alumina, bringing about better level of interactions between the two by the induction of nucleating effect. These novel nano-composite films could have potential application in the sectors of food and pharmaceutical packaging.
Materials and methods

Materials
Guar gum (intrinsic viscosity: 10.0 dL/g) was procured from Sigma Aldrich, Mumbai, India. Nano-alumina (abbreviation: NA, 99.8 % purity, specific surface area 70 m 2 /g, α phase, white colour, spherical shaped, 200-300 nm in diameter) was procured from Reinste Nano Ventures, New Delhi, India. Ethylenediaminetetraacetic acid was purchased from S.D. Fine Chemicals Pvt. Ltd., Mumbai, India. Distilled water was obtained from Bio Lab Diagnostics India Pvt. Ltd., Mumbai, India. All materials were used as obtained without any purification or modification.
Preparation of guar gum/alumina Nano-composite films Nano-alumina was added in different concentrations (1, 3, 5 and 7 phr) in guar gum, as a reinforcing agent, with an aim to improve its performance properties. Solution casting process was used, wherein distilled water was used as the solvent. Accurate amount of nano-alumina was first dispersed into 500 ml distilled water (1000 rpm for 1 h) and 5 g of guar gum was added to the mixture at room temperature (30°C); so as to prepare a 1 wt% solution of guar gum in distilled water. 0.1 wt% of ethylenediaminetetraacetic acid was then added as an anti-bacterial agent. The mixture was stirred continuously (1000 rpm) for 24 h so as to obtain a uniform mixture. Obtained homogeneous mixture was cast in the acrylic sheet trays (20 cm × 20 cm × 1 cm). Filled trays were kept in a hot air circulating oven (Siena Instruments, Mumbai, India) at 40°C for 24 h to dry. Pristine guar gum film was also prepared with the same procedure, but without any addition of nanoalumina. Average thickness of the films prepared was determined to be 60 ± 2.3 μm, as measured by the thickness gauge . Prepared film composition and their nomenclature are listed in Table 1 .
Moisture content
0.05 g film samples were accurately weighed (w 0 ) and dried in an air-circulating oven for 5 h at 70°C. Samples were then removed from the oven and immediately weighed (w 1 ). Weight of the films, before and after drying, was accurately weighed. All samples were analyzed in triplicate. The moisture content was determined as the percentage of water in the films according to the equation mentioned below:
Morphological properties
The morphology of the guar gum/alumina nano-composite films was observed under a scanning electron microscope (JEOL® 6380 LA, Japan). Samples were fractured under liquid nitrogen to avoid any disturbance to the molecular structure. The specimens were then coated with gold using sputter coater before imaging.
Mechanical properties
Mechanical properties like tensile strength (MPa), Young's modulus (MPa) and elongation at break (%) of the pristine guar gum and guar gum/alumina nano-composite films were 
Puncture test
Puncture strength (MPa) of the prepared films was determined as per the procedure described by Soradech et al. (2012) . using a texture analyzer (TA.XT. plus Texture Analyzer, Stable Micro Systems, UK). Instrument was operated with a spherical puncturing probe having diameter of 5 mm. Sample with dimension of 7 cm × 7 cm was placed in a holder having a cylindrical hole of 2 cm diameter. Probe was moved at speed of 0.1 mm/min through the film; wherein a load cell of 50 N was employed. Puncture strength was calculated using the below mentioned formula:
Puncture strength ¼ F=A where, F is the maximum applied force and A is the crosssectional area of the cylindrical hole of the holder.
Rheological properties
Rheometer (MCR 101, Anton Paar, Austria) with a cone and plate assembly was used to investigate the rheological behavior of the prepared 1 wt% pristine guar gum and guar gum/ nano-alumina solutions in distilled water. Cone and plate (diameter: 35 mm, cone angle: 2°, spindle name: CP35-2-SN20784) were separated by a distance of 0.147 mm during the rheological investigation. The data investigation was performed using Rheoplus/32 V3.40 software, supplied by the manufacturer. A temperature of 30 ± 0.5°C was maintained constant during the rheological analysis. Twenty five viscosity (Pa.s)/shear rate (s . Here too the analysis was performed up to 250 s and a total of 25 data points were collected.
X-ray diffraction analysis
Prepared films were subjected to x-ray diffraction analysis in order to determine the effect of nano-alumina addition on the crystallinity of guar gum. X-ray diffraction analysis was performed using a Rigaku Miniflex (Japan) x-ray diffractometer. Samples were scanned in the scan range from 5°to 80°using a normal focus copper X-ray tube (λ = 1.54 Ǻ) operated at 30 kV and 15 mA. Scan speed was maintained at 3°/min. Data analysis was performed using the Jade 6.0 software supplied by the instrument manufacturer.
Percent crystallinity was calculated according to the equation (Shimazaki et al. 2007) given below: %Crystallinity ¼ total area of crystalline peaks ð Þ = total area of all peaks ð Þ
Water vapor transmission rate
Barrier property i.e. water vapor transmission rate (WVTR) of the prepared films was determined gravimetrically as per the ASTM standard of E96. The composite films were cut into circles of 90 mm diameter and then sealed on the permeation cells containing calcium chloride, using paraffin wax. The permeation cells were then placed in desiccators, at room temperature (30°C) and 71 % relative humidity. The water transferred through the film gets absorbed by the desiccant and is determined from the weight measurement of the permeation cell. Each permeation cell was weighed after 24 h. The WVTR was expressed in g/h.m 2 per day.
Statistical analysis
Statistical analysis was performed using the mean comparisons with Microsoft Excel.
Results and discussion
Moisture content
Moisture content values determined for the prepared guar gum/nano-alumina composite films are listed in Table 2 . Pristine guar gum (GNa0) was found to have moisture content value of 11.2 ± 1.3 %, which is in correlation with the values mentioned in the literature (Rithe et al. 2014) . Even the guar gum/nano-alumina composite films were determined to have moisture content values similar to that of pristine guar gum. Thus, it can be said that the addition of nano-alumina has no much effect on the moisture content of guar gum, attributed to the hydrophilic nature of both the materials (Savadekar et al. 2013 ).
Morphological properties
Scanning electron micrographs obtained for GNa5 and GNa7 are demonstrated in Fig. 1 . This study was undertaken to understand the dispersion and interaction of nano-alumina into the guar gum polymer matrix. Nano-alumina was found to have dispersed uniformly and individually in GNa5; whereas it formed agglomerates as that can be seen from the micrograph of GNa7. The interface between nano-alumina was found to be completely in contact with each other in GNa5; while certain points of non-interaction were observed in the micrograph of GNa7. Thus nano-alumina can be successfully added in guar gum upto a concentration of 5 phr, expected to provide optimized improvement in the mechanical and WVTR properties.
Mechanical properties
Mechanical properties like tensile strength (MPa), Young's modulus (MPa) and elongation at break (%) determined for the prepared guar gum/alumina nano-composite films are illustrated in Fig. 2(a and b) ; while the values of puncture strength (MPa) are depicted in Fig. 2 for which tensile strength, Young's modulus and puncture strength were determined to have increased by about 69, 50 and 70 % respectively; whereas, elongation at break (%) decreased by 70 %. These changes are appreciable compared to the amount of nano-alumina added in the guar gum polymer matrix. The changes are attributed to the hydrophilic nature of both materials. This hydrophilicity helped in generating interaction between the two materials, improving the alignment of guar gum polymer chains around nanoalumina particles. Thus, nano-alumina encouraged nucleating effect into guar gum and acted as a point of physical anchorage for the guar gum polymer chains, making it stiffer as compared to pristine guar gum. In addition, the nano-sized dimension of the nano-alumina particles helped in better dispersion of it in between the guar gum polymer chains, increasing the intensity of the interaction between them. Dispersion of nano-alumina into guar gum was confirmed by scanning electron microscopy as described above. However, above 5 phr concentration, nano-alumina started forming agglomerates (confirmed by scanning electron microscopy analysis), which decreased the effective surface area for interaction between nano-alumina and guar gum polymer chains. This agglomerates also generated points of stress concentrates, further decreasing the mechanical properties. Thus, it can be said that nano-alumina can be effectively utilized as a reinforcing agent in guar gum, but only upto a concentration of 5 phr, as above this particular concentration, it starts forming agglomerates. Similar results have been determined by Savadekar et al. (2013) for nano-alumina added poly(butyleneadipate-co-terephthalate) composite films, again attributed to better interaction between them. Whereas, Kadam et al. (2013a) demonstrated analogous behavior for nano-alumina reinforced poly (vinyl chloride)/thermoplastic polyester elastomer blend system. X-ray diffraction analysis X-ray diffractograms obtained for the prepared pristine guar gum and guar gum/alumina nano-composite films is demonstrated in Fig. 3 ; whereas, the values of crystallinity are indicated at a place close to the respective curve. Nano-alumina was determined to have crystallinity of 24.5 %, while pristine guar gum illustrated crystallinity of 4.5 %. Nano-alumina demonstrated its characteristic peaks at 2θ (Theta) values of about 38°, 46°and 66°; whereas, pristine guar gum illustrated amorphous curve nature with broad peak at 2θ value of about 19° . Pristine guar gum did not show any peak corresponding to the 2θ values as that of nano-alumina. Thus, the peaks obtained are characteristic peaks of the individual components. However, in guar gum/alumina nanocomposite films, nano-alumina characteristic peak of 66°w as observed; and the intensity of this peak increased with increased addition of nano-alumina. Thus, it can be said that nano-alumina is present in all of this guar gum/alumina nanocomposite films. Crystallinity of guar gum increased with increased addition of nano-alumina into it. However, for GNa7, slight decrease in crystallinity was observed as compared to GNa5. Thus, addition of nano-alumina induced crystallinity in guar gum only upto the concentration of 5 phr. This trend in the observed values of crystallinity are in correlation with that of the mechanical properties reported earlier; which is attributed to the better dispersion and interaction happening between nano-alumina and guar gum due to the hydrophilic nature of both the materials. Slight decrease in the values of crystallinity of GNa7 is caused by the formation of nano-alumina agglomerates (see scanning electron microscopy analysis), decreasing the effective surface area of interaction with guar gum polymer chains and also creating points of stress concentrates. Similar trend in the values of crystallinity was reported by Karande et al. (2014) for the cotton linter nano-fibres added guar gum polymer nano-composites, attributed to the better interaction between the two materials due to their hydrophilic nature. ) determined for the prepared 1 % solution of pristine guar gum and guar gum/alumina nano-composite are illustrated in Fig. 4a, b , respectively. It can be seen that the values of shear stress increased with increase in shear rate, demonstrating increased resistance to the flow caused by the guar gum polymer chains to the rotating spindle of the rheometer. Also, the values of shear stress increased with increased addition of nano-alumina in the guar gum polymer matrix. As explained in the section of mechanical properties, nanoalumina acted as a point of anchorage for the guar gum polymer chains due to the hydrophilic nature of both the materials. This increased the resistance of the guar gum polymer chains to the rotating spindle of the rheometer. Prepared solutions demonstrated non-Newtonian shear thinning behavior . Viscosity of guar gum increased with increased addition of nano-alumina in the polymer matrix; attributed to the better dispersion and interaction between the two materials. Viscosity of all the prepared guar gum solutions was near about same at high shear rates (>400 s ), attributed to the complete rupturing of the structural arrangement of the prepared solutions. Interestingly, it can be seen that viscosity of GNa0 and GNa1 is similar, while that of GNa5 and GNa7 are similar. Similar viscosity values of GNa0 and GNa1 are due to the lower concentration of nanoalumina added, which is unable to induce required level of reinforcing action into the guar gum polymer matrix. Whereas, GNa5 and GNa7 had similar viscosity values due to the formation of agglomerates by nano-alumina in GNa7 which decreased the effective surface area available from nano-alumina to interact with the guar gum polymer chains, thus decreasing the reinforcing action of nano-alumina. Thus, it can be said from the rheological analysis also that nanoalumina is able to play the role of reinforcing agent only up to the concentration of 5 phr when added into the guar gum polymer matrix. Similar trend in the values of viscosity had been demonstrated by for the nano-talc reinforced nylon-6 polymer based nanocomposites.
Plot of storage modulus (Pa) vs angular frequency (s ) and damping factor (unitless) vs angular frequency (s −1 ) are illustrated in Fig. 5a, b and c, respectively . Values of storage modulus and loss modulus increased with increase in angular frequency, again attributed to the resistance imparted by the guar gum polymer chains to the oscillating motion of the spindle, which increased with increase in angular frequency. Values of storage modulus and loss modulus increased with increase in concentration of nano-alumina in guar gum. However, the rate of increase in the values of storage modulus with increase in angular frequency is appreciable as compared to that of loss modulus. Thus it confirms the interaction happening between nano-alumina and guar gum polymer chains. From the plots of storage and loss modulus, one can observe that both these values are increasing continuously up to the angular frequency of around 60 s
, above which it is either near about constant (storage modulus) or increased (loss modulus). This is attributed to the rupturing of the guar gum polymer chain arrangements by the oscillating rheometer spindle. Damping factor is ratio of loss modulus to storage modulus (G^/G'). Values of damping factor of guar gum decreased with increase in nanoalumina concentration in the guar gum. This can be attributed to either of the following three conditions: (1) higher rate of increase in the values of storage modulus as compared to loss modulus, (2) higher rate of decrease in the values of loss modulus as compared to storage modulus or (3) increase in the values of storage modulus with simultaneous decrease in the values of loss modulus. In our case, condition (1) is applicable; which is attributed to the better interactions happening between guar gum and nano-alumina. Thus, nano-alumina is able to act as reinforcing agent in guar gum. Similar trend in properties have been demonstrated by for nano cellulose fibers reinforced kappa-carrageenan based Fig. 4 Effect of nano-alumina on the shear stress and viscosity of guar gum films. Rane et al. (2014) observed improvement in the rheological properties of k-carrageenan solution when loaded with nano-silica, again attributed to the better interactions happening between nano-silica and k-carrageenan. Wasekar et al. (2014) also demonstrated similar visco-elastic properties for the calcium hydroxide and zinc hydroxide surface modified fly ash/nylon-6 composites.
In order to understand the time and thermal stability of the prepared guar gum solution rheological analysis of viscosity (Pa.s) vs time (s) and viscosity (Pa.s) vs temperature (°C) was undertaken. Plot of viscosity (Pa.s) vs time (s) obtained for the pristine guar gum solution and guar gum/alumina nanocomposite solutions is illustrated in Fig. 6(a) . Viscosity of pristine guar gum was minimum, but increased on addition of ) graphs demonstrated earlier. Time had no effect on the viscosity of pristine guar gum or guar gum/ alumina nano-composite solutions, except until the concentration of nano-alumina was increased to 7 phr (GNa7). This analysis was performed up to 250 s (~4 min), and the prepared solutions (except GNa7) were stable up to this particular time. Thus, the prepared solutions demonstrated non-thixotropic behavior; Mhaske 2011, 2012) and thus if the process for preparing this guar gum/alumina nano-composite is automated and if there is any time lag in the process, due to any particular reason, it will not have any effect on the viscosity of the solution. Erratic behavior observed for GNa7 is due to the formation of nano-alumina agglomerates (confirmed by scanning electron microscopy analysis), which decreased the effective surface area for interaction between nano-alumina and guar gum polymer chains. Plot of viscosity (Pa.s) vs temperature (°C) determined for pristine guar gum and guar gum/alumina nano-composite solutions is demonstrated in Fig. 6(b) . It was determined that the viscosity of guar gum decreased with increase in temperature. However, nano-alumina is still playing its role as a reinforcing agent as can be seen from the increase in the viscosity of guar gum observed with increased addition of nano-alumina in it. Rate of decrease of viscosity with increase in temperature became more pronounced with increase in nanoalumina concentration, which is thermally better conducting as compared to guar gum. Temperature had appreciable effect on the viscosity of guar gum/alumina nano-composite solution as compared to time. Thus, it can be suggested that precautions need to be taken in maintaining the required temperature during processing, as it can have appreciable effect on the processability of the material. However, no signs of degradation or crosslinking were observed in the analysis, as the curves did not demonstrate any sudden increase or decrease in viscosity with increase in temperature (Kadam et al. 2013b ).
Water vapor transmission rate (WVTR)
WVTR values obtained for the prepared pristine guar gum and guar gum/alumina nano-composite films are depicted in Fig.  7 . Pristine guar gum was determined to have WVTR value of about 7.9 g/h.m 2 , which is high due to the hydrophilic nature of the material . WVTR of guar gum decreased with increased addition of nano-alumina in the guar gum polymer matrix. Lowest value of WVTR was determined to be 2.3 g/h.m 2 for GNa5, which is a decrease of about 71 %. This decrease is highly appreciable compared to the quantity of nano-alumina added. It is attributed to the uniform distribution of nano-alumina in the guar gum polymer matrix and also to the nucleating effect induced by it into guar gum. WVTR of GNa7 (2.8 g/h.m 2 ) was found to be higher as compared to GNa5 due to the formation of agglomerates by nano-alumina at 7 phr loading in guar gum, as evident from SEM micrographs. It was also discussed by Svagan et al. (2009) that WVTR decreases with increasing content of cellulose in the starch. Thus, nano-alumina was able to decrease the WVTR of guar gum, to a minimum value possible, when added in a concentration of 5 phr in it.
Conclusion
Nano-alumina was successfully utilized as a reinforcing agent for guar gum with an aim to improve its performance as well as barrier properties. Tensile strength, Young's modulus and puncture strength increased by about 69, 50 and 70 % respectively; whereas, elongation at break (%) decreased by 70 % for 5 phr nano-alumina added guar gum nano-composites (GNa5). Water vapor transmission rate of GNa5 decreased by about 71 % for GNa5, which is highly appreciable compared to the quantity of nano-alumina. This is attributed to the better dispersion and interaction between the nano-alumina and guar gum polymer matrix caused by the hydrophilic nature of both the materials. All the prepared samples demonstrated non-Newtonian, shear-thinning and nonthixotropic behavior. Nano-alumina was found to have formed agglomerates above 5 phr loading in guar gum, which decreased the effective surface area for interaction. Thus, 5 phr nano-alumina added guar gum polymer nanocomposites is optimized concentration which can be successfully utilized in packaging of food and pharmaceutical products.
